The density and the magnetization process of the melt-spun glassy Fe-(Al, Ga)-(P, C, B, Si) alloys are investigated to clarify the origin of low coercivity of the glassy alloys. The differences of the density (Á c ) between the crystalline and the amorphous phases of glassy Fe-(Al, Ga)-(P, C, B, Si) alloys are much smaller than those of the ordinary amorphous Fe-B(-Si) alloys. The H À1 -power law behavior of ÁJ (¼ J s À J, where J s is the saturation magnetization) is observed for both the glassy and ordinary amorphous systems in the magnetic field (H) range of 20{25 < 0 H . 50 mT. In the high magnetic field range of 50 . 0 H < 70 mT, ÁJ of both the alloy systems obeys the H À2 -power law. The length of the effective Burgers vector and width of quasi-dislocation dipole (QDD) type defects are nearly independent of the alloy system. This means that the local volume contraction is independent of the alloy system, but the density of QDDs in the glassy alloys is much smaller than the ordinary amorphous alloys because the glassy alloys exhibit much smaller Á c than the ordinary amorphous alloys. Since the coercivity originates from elastic stress of QDDs is proportional to ðÁ c Þ 1=2 , the origin of low coercivity of the Fe-(Al, Ga)-(P, C, B, Si) glassy alloys is the low density of QDDs which corresponds to low density of the domain-wall pinning centers.
Introduction
Since the synthesis of a ferromagnetic Fe-P-C amorphous alloy in 1967, 1) it has been found that many ferromagnetic Fe-based amorphous alloys exhibit good soft magnetic properties. However, the glass-forming ability of the ordinary Fe-based amorphous alloys is low and hence their formation has required higher cooling rates than 10 5 K/s. Therefore the resulting sample thickness by an ordinary melt-spinning method has been limited to be less than about 50 mm.
2,3)
Since 1995, a new class of Fe-based soft magnetic glassy alloys, such as Fe-(Al, Ga)-(P, C, B, Si, Ge) [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and Fe-(Co, Ni)-(Zr, Nb, Ta, Mo, W)-B systems, [16] [17] [18] with a large supercooled liquid region (ÁT x = crystallization temperature (T x ) À glass transition temperature (T g )) before crystallization and a high glass-forming ability has been found. The Fe-(Al, Ga)-(P, C, B, Si, Ge) glassy alloys have wide ÁT x of about 50 K and their critical cooling rate is lower than 10 3 K/ s. 19) The maximum thickness to form a single glassy phase by a single-roller melt-spinning method reaches about 280 mm, 9) and cylindrical bulk glassy samples with a diameter less than 2 mm can be prepared by a copper mold casting. 6) Recently, we reported that the glassy Fe-(Al, Ga)-(P, C, B, Si, Ge) alloys exhibit low coercivity, though their magnetostriction is relatively large. 20) This seems to be closely related to the defect structure of the glassy alloys. In this paper, density and magnetization process of the melt-spun glassy Fe-(Al, Ga)-(P, C, B, Si) alloys are investigated to clarify the defect structure. The origin of low coercivity of the Fe-(Al, Ga)-(P, C, B, Si) glassy alloys is also discussed.
Experimental Procedure
The two glassy alloys, Fe 73 Al 5 Ga 2 P 11 C 5 B 4 and Fe 77 -Al 2:14 Ga 0:86 P 8:4 C 5 B 4 Si 2:6 , were selected in this study. The former is a typical composition of Fe-(Al, Ga)-(P, C, B) system. 5, 6, 8) The latter is the alloy of which the Fe concentration is increased to increase the magnetization, and the glass-forming ability is ensured by the substitution Si for P. First, the mixtures of pure Fe (4N), Al (4N) and Ga (6N) metals, pre-alloyed Fe-4.1 mass% C ingots, and pure B (2N5) and Si (5N) crystals were melted by an arc furnace in an Ar atmosphere. Subsequently, the pre-alloyed Fe-Al-Ga-C-B (-Si) ingots and Fe 3 P (3N) flakes were melted by an induction furnace in an Ar atmosphere and then slowly cooled (<1 K/s, which is much lower than the critical cooling rate for glass formation 19) ) to room temperature. The Fe 80 B 20 and Fe 78 B 13 Si 9 ingots were prepared by arc-melting the mixtures of pure Fe (4N) metal and pure B (2N5) and Si (5N) crystals in an Ar atmosphere. The rapidly-solidified ribbons with about 5 mm in width and 20-30 mm in thickness were prepared by a single-roller melt-spinning apparatus with a Cu wheel in a reduced Ar atmosphere (20 kPa). The molten alloys were ejected from a quartz crucible with a rectangular orifice of 0:4 Â 5:0 mm 2 at a temperature which is about 150 K higher then the melting temperature. The net Ar ejection pressure and the wheel velocity were about 85 kPa and 37 m/s for the glassy alloys, and about 60 kPa and 31 m/s for the ordinary amorphous alloys, respectively, and the crucible-wheel distance was 0.2 mm. The ribbons were cut into several peaces to be used as samples. Annealing treatment of the samples was carried out with no applied magnetic field in a vacuum and the heating rate was 0.67 K/s.
The amorphicity of the as-quenched and annealed samples was examined by X-ray diffractometry (XRD) with Co K incident radiation. The Curie temperature (T c ), the glass 21) The sample weight is about 1 g and a relative error of was evaluated to be 0.02%. The absolute value of was obtained by assuming of the standard Ni sample to be 8902 kg/m 3 . 22) The surface roughness of the as-quenched ribbons was evaluated by a contact profile meter. All the measurements were performed at room temperature. Figure 1 shows the DSC curves of the as-quenched samples. The glassy alloys show the sequent transition of amorphous solid, supercooled liquid and then crystallization. On the other hand, the ordinary amorphous alloys (Fe-B and Fe-B-Si) crystallize without showing the glass transition. Table 1 summarizes T c , T g , T x and the supercooled liquid region (ÁT x ¼ T x À T g ) obtained from Fig. 1 . The ÁT x for the Fe 73 Al 5 Ga 2 P 11 C 5 B 4 alloy is consistent with the reported values. 5, 8) The annealing conditions were determined from the result of DSC as shown in Table 1 . The one is for 7.2 ks at slightly below T c (T a1 % 0:95T c ) for all the alloys except for the Fe 80 B 20 alloy, and the other is for 600 s at slightly below T g (T a2 % 0:97T g ) for the glassy alloys. Since the Fe 80 B 20 alloy may be partially crystallized by annealing at 0:95T c for 7.2 ks, 23) T a1 % 0:90T c was chosen. It was confirmed by XRD that all the as-quenched and annealed samples maintain the single amorphous structure. Table 2 shows of the as-quenched and annealed amorphous samples and crystalline samples (mother alloys). The densities are slightly increased by annealing in the ranges of 0.07 to 0.22% at T a1 and 0.34 to 0.40% at T a2 , respectively. It should be noted that the differences of between the crystalline and the amorphous phases of the glassy alloys (0.06-1.11%) are much smaller than those of the ordinary amorphous alloys (2.64-2.94%). 24, 25) Figures 2 and 3 show the magnetization curves of the glassy alloys and the ordinary amorphous alloys, respectively. The demagnetizing-field correction was made considering the sample to be an oblate ellipsoid with the same axial ratio. 26) Table 3 summarizes the magnetic properties of the alloys. The saturation magnetization was determined by J vs. H À2 plot, which will be shown in section 4.1. The effective anisotropy energy density (K) was determined from the area between the magnetization curve and J s , i.e.,
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where J r is the remanence magnetization and 0 is the permeability of a vacuum. The saturation magnetization and s of the alloys are consistent with the reported values. 5, 8, 9, [27] [28] [29] The saturation magnetization is slightly increased by annealing. For the glassy alloys, the highest J s is obtained after annealing near T c , and J s slightly decreases Table 1 Curie temperature (T c ), glass transition temperature (T g ), crystallization temperature (T x ) and the supercooled liquid region (ÁT x ¼ T x À T g ) obtained from DSC curves of the as-quenched alloys. Selected annealed temperatures (T a1 , T a2 ) are also shown. 30) The other alloys also have K which is almost the same value as the Fe 80 B 20 alloy. There is no significantly change on K after annealing. Crystal (mother alloy) 7390 --
4. Discussion 4.1 Law of approach to ferromagnetic saturation for amorphous alloys The magnetization curve of amorphous ferromagnetic alloys in many aspects is similar to that of the crystalline materials. In the low magnetic field region, the magnetization process is governed by domain-wall movement. Sufficiently above an anisotropy field ( 0 H K ¼ 2 0 K=J s % 10{20 mT in this study) the alloy is homogeneously magnetized. Further magnetization is due to an alignment of microscopic inhomogeneous spin states around inhomogeneities of the atomic network. In this so-called field range of approach to ferromagnetic saturation, the field dependence of magnetization is described fairly well by [31] [32] [33] 
where the last term in eq. (2) describes the increase of magnetization due to the so-called spin wave paraprocess 34) and
Since the effect of intrinsic inhomogeneities on ÁJ is negligibly small, 31) the inhomogeneity term (a p =H p ) is due to spin inhomogeneities induced by the magnetoelastic interactions between elastic stress () and the magnetization. Stress sources are supposed to have its origin in the partial instability of the free volume below the melting point. The free volume may exist in dispersed form as the melt of in the form of agglomerates. However, three-dimensional clusters of vacancy-type are supposed to be unstable. 35) By a relaxation of the atomic network the vacancy clusters may collapse thus generating planar defects which act as stress source. 32, 33, 36) The dispersed free volume is similar to partial point defects with stress fields varying as r À3 (r is the distance from the stress center) whereas planar defects are equivalent to dislocation dipoles (quasi-dislocation dipoles) with stress fields varying as r À2 . 33) Figure 4 shows a model for formation of quasi-dislocation dipoles in amorphous alloys by agglomeration of vacancy-type point defects. [31] [32] [33] 36) The equation (3) may be attributed to a certain type of stress sources as follows: [31] [32] [33] 36) quasi-dislocation dipoles:
The range of spin inhomogeneities is governed by the socalled exchange length 31, 32) 
where A is the exchange stiffness constant. 
the length of the effective Burgers vector (b) and domainwall thickness 
where G is the shear modulus, is the Poisson's ratio, 31, 32) In order to evaluate the influence of the uncertainly of the demagnetizing factor, the same analysis was done for the data without demagnetizing-field correction. This analysis yields similar results to the above one except for about 5% larger hDi and about 15% larger b than the above values. Therefore, it can be said that the influence of uncertainly of the demagnetizing factor is negligibly small.
Coercivity
The coercivity of a random distribution of quasi-dislocation dipoles of densities d are given as 33, 38, 39) 
where
corresponds to the local volume contraction due to the quasidislocation dipoles, F is the domain-wall area, L 2 is the domain width and L 3 is the dipole length, respectively. The factor of lnfL 2 =ð2Þg in eq. (8) takes into account the statistical fluctuations due to the L 2 =ð2Þ independent positions of the domain wall within the domain width. Another source of H c is surface irregularity. The coercivity due to the surface irregularity is given as 39)
is the domain-wall energy, hti is the mean sample thickness, hdt=dzi max is the statistical average of the maximum surface gradients, respectively. Table 5 shows the mean thickness of the ribbon (hti), the mean height (Rc) and the mean width (RSm) of the roughness profile elements, and estimated H c surf. . Here, the roughness profile was considered to be a triangular wave, i.e., hdt=dzi max % Rc=ð2RSmÞ. The roughness parameters for the wheel-contacted surface measured in the perpendicular direction with the rolling-axis are shown in the table because hdt=dzi max of this direction is largest, and therefore, the largest H c surf. is given. For the parallel direction of the wheel-contacted surface, Rc is about 1/2 time as large as that of the perpendicular direction. For the free surface, Rc is 1/5-1/2 time as large as that of the wheel-contacted surface. On the other hand, there is no significantly change on RSm in both the surfaces and the measuring directions. The obtained values of H c surf. are consistent with the earlier reported one (%0:5 A/m). 38, 39) As mentioned in section 4.1, all the as-quenched and annealed alloys have almost the same hDi, b and . It can be considered that all the alloys also have almost same G. The quasi-dislocation dipoles are formed by agglomeration of vacancy-type point defects in planar regions. Therefore, d is proportional to Á c =ÁV because Á c denotes the amount of the free volume in the amorphous alloys. Let us further consider that L 3 is proportional to hDi. Then all the alloys have almost the same ÁV. Under above assumptions, H c can be expressed as follows:
where p c is the prefactor depends on F and L 2 . Figure 11 shows observed H c (¼ H c À H c surf. ) times J s = s as a function of ðÁ c Þ
1=2 . This figure clearly shows that H c J s = s is proportional to ðÁ c Þ 1=2 . The prefactor of the annealed alloys is 0.44 times larger than that of the asquenched ones. It is considered that F increases by the structural relaxation. It was reported that the Fe 80 B 20 alloy exhibits domain-wall length ðlÞ % 200 mm and L 2 % 50 mm in an as-quenched state, and l % 1000 mm and L 2 % 200 mm after annealing at 563 K for 86.4 ks. 30) The domain-wall area should be proportional to l, then ½flnðL 2 =2Þg=F
1=2 for the annealed state is about 0.5 times as large as then that of the as-quenched state. This is consistent with the observed change of the prefactor for H c by annealing in this study. These results suggest that the origin of low H c of the Fe-(Al, Ga)-(P, C, B, Si) glassy alloys is low d which corresponds to low density of the domain-wall pinning centers. , then H c < 1:5 A/m is expected. This value is too small compared with the observed H c (¼ 9:3 A/m). Therefore, the interpretation that the magnetization obeys the H À2 -power law at high magnetic fields is reasonable.
Conclusions
The density and the magnetization process of the meltspun glassy Fe-(Al, Ga)-(P, C, B, Si) alloys are investigated to clarify the origin of low coercivity the glassy alloys. The obtained results are summarized as follows.
(1) The differences of the density (Á c ) between the crystalline and the amorphous phases of the glassy Fe-(Al, Ga)-(P, C, B, Si) alloys (0.06-1.11%) are much smaller than those of the ordinary amorphous Fe-B(-Si) alloys (2.64-2.94%).
(2) The H À1 -power law behavior of ÁJ is observed for both the glassy and ordinary amorphous systems in the range of 20{25 < 0 H . 50 mT. In the high magnetic field range of 50 < 0 H < 70 mT, ÁJ of both the alloy systems obeys the H À2 -power law. (3) The length of the effective Burgers vector and the width of quasi-dislocation dipole (QDD) type defects are estimated. They are nearly independent of the alloy system. This means that the local volume contraction is independent of the alloy system, but the density of QDDs in the glassy alloys is much smaller than that of the ordinary amorphous alloys because the glassy alloys exhibit much smaller Á c than that of the ordinary amorphous alloys.
(4) The coercivity due to elastic stress of QDDs is proportional to ðÁ c Þ 1=2 . This behavior was confirmed by experiment.
(5) The glassy Fe-(Al, Ga)-(P, C, B, Si) alloys exhibit low coercivity, though their magnetostriction is relatively large. The origin of low coercivity of the Fe-(Al, Ga)-(P, C, B, Si) glassy alloys is the low density of QDDs which corresponds to low density of the domain-wall pinning centers.
The good combination of high glass-forming ability and good soft magnetic properties (especially low coercivity) indicates the possibility of future development as a new bulk glassy soft magnetic material.
